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ABSTRACT
It has been demonstrated that the inclusion of baryonic physics can alter the dark matter densities
in the centers of low-mass galaxies, making the central dark matter slope more shallow than predicted
in pure cold dark matter simulations. This flattening of the dark matter profile can occur in the
most luminous subhalos around Milky Way-mass galaxies. Zolotov et al. (2012) have suggested a
correction to be applied to the central masses of dark matter-only satellites in order to mimic the
affect of (1) the flattening of the dark matter cusp due to supernova feedback in luminous satellites,
and (2) enhanced tidal stripping due to the presence of a baryonic disk. In this paper, we apply this
correction to the z =0 subhalo masses from the high resolution, dark matter-only Via Lactea II (VL2)
simulation, and find that the number of massive subhalos is dramatically reduced. After adopting a
stellar mass to halo mass relationship for the VL2 halos, and identifying subhalos that are (1) likely
to be destroyed by stripping and (2) likely to have star formation suppressed by photo-heating, we
find that the number of massive, luminous satellites around a Milky Way-mass galaxy is in agreement
with the number of observed satellites around the Milky Way or M31. We conclude that baryonic
processes have the potential to solve the missing satellites problem.
1. INTRODUCTION
The cosmological paradigm based on cold dark matter
(CDM) and dark energy (Λ) has been extremely suc-
cessful in describing the observed evolution and large
scale structure of our Universe. At small scales, how-
ever, a number of observations seem to be at odds with
the predictions of ΛCDM cosmology. In particular, over
a decade ago it was pointed out by Moore et al. (1999)
and Klypin et al. (1999) that the number of high mass
subhalos predicted by high resolution CDM simulations
exceeds the observed number of luminous satellites of
the Milky Way (MW) by at least an order of magnitude.
This has become known as the “missing satellites prob-
lem” (MSP). Although this problem has been mitigated
to a degree by the discovery of a number of additional
faint satellite galaxies (Willman et al. 2005; Irwin et al.
2007; Liu et al. 2008; Martin et al. 2008; Simon & Geha
2007; Grebel 2000; van den Bergh 2000; Belokurov et al.
2008; Watkins et al. 2009; Belokurov et al. 2010), there
remains a considerable discrepancy between the number
of observed MW satellites and the number predicted in
CDM simulations.
Efforts to resolve this issue have fallen into two broad
categories. First, there are proposals in which the
star formation rate in satellite galaxies is suppressed,
leading to large numbers of low mass subhalos which
are simply unobservable. Possible means for such sup-
pression include photoevaporation resulting from ioniz-
ing radiation, e.g., at reionization (Quinn et al. 1996;
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Thoul & Weinberg 1996; Navarro & Steinmetz 1997;
Klypin et al. 1999; Barkana & Loeb 1999; Gnedin 2000;
Hoeft et al. 2006; Madau et al. 2008; Alvarez et al. 2009)
or lower z due to blazars (Pfrommer et al. 2012), or
due to cosmic ray heating (Wadepuhl & Springel 2011).
Photoionization is expected to suppress star formation
in halos below ∼109 M⊙ (Okamoto et al. 2008). In
more massive halos where gas is retained and star for-
mation can begin, further suppression is expected from
supernova feedback (Dekel & Silk 1986; Benson et al.
2002; Dekel & Woo 2003; Governato et al. 2007). It is
also important to consider the number of faint satel-
lites that remain undetected due to observational in-
completeness (Willman et al. 2004; Simon & Geha 2007;
Tollerud et al. 2008; Walsh et al. 2009; Koposov et al.
2009; Rashkov et al. 2012). Taken together, it is pos-
sible that observational incompleteness combined with
suppression of star formation can bring the number of
luminous satellites in line with the number of predicted
satellites around a Milky Way-mass galaxy.
However, while this combination of effects may
explain the faint or low-mass regime of the MSP,
Boylan-Kolchin et al. (2011) recently pointed out that
it still fails at the massive end. Dubbed the “too big
to fail” (TBTF) problem, this aspect of the MSP arises
because the most massive subhalos in ultra-high resolu-
tion dark matter-only simulations of MW-analog galax-
ies (Diemand et al. 2008; Springel et al. 2008) are too
dense to host the observed satellites of the MW (see also
Wolf & Bullock 2012; Hayashi & Chiba 2012). The sim-
ulations always contain a population of subhalos (6-22,
varying within the errors of the MW’s measured mass)
that are more massive than any of the dwarf spheroidals
observed in the MW (Boylan-Kolchin et al. 2012). In
other words, while the abundance of lower luminosity
satellites may be made consistent with CDM predictions,
the MSP remains a puzzle because simulations predict
too many massive satellites.
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A second class of possible solutions to the MSP con-
siders departures from the standard assumptions of cold
and collisionless dark matter. Whereas typical particle
dark matter models predict that WIMPs will form ha-
los with masses as small as 10−6M⊙ or so (depending
on the temperature at which the WIMPs undergo ki-
netic decoupling with the cosmic neutrino background),
the formation of small scale structure can be strongly
suppressed if the dark matter particles are not en-
tirely cold (Col´ın et al. 2000; Maccio` & Fontanot 2010;
Lovell et al. 2012). Dark matter in the form of sterile
neutrinos with masses of ∼1-10 keV have received at-
tention within this context (Dodelson & Widrow 1994),
although many other warm dark matter (WDM) scenar-
ios could potentially accomodate a similar suppression of
small scale power (Pagels & Primack 1982; Hooper et al.
2007). WDM primarily addresses the low-mass end of the
MSP by suppressing the formation of small scale struc-
ture. It can also help at the high mass end, however,
because the delayed halo collapse times in a WDM cos-
mology result in lower concentrations and hence reduced
central densities (Lovell et al. 2012).
Self-interacting dark matter (SIDM) models
(Carlson et al. 1992; Spergel & Steinhardt 2000;
Loeb & Weiner 2011) provide another mechanism to
achieve the same effect. In this case, the interactions
prevent the formation of the steep central density cusps
that are the hallmark of CDM halos. Density profiles in
SIDM instead exhibit a central core (Vogelsberger et al.
2012; Rocha et al. 2012; Zavala et al. 2012), which helps
to address the MSP in two ways: cored halos are more
susceptible to tidal disruption, potentially removing
many of the excess low mass halos; secondly, in the
surviving halos, the core reduces the central densities,
alleviating the TBTF problem (Vogelsberger et al.
2012). Furthermore, there is considerable obser-
vational evidence for the existence of dark matter
cores in the centers of low surface brightness galaxies
(Kuzio de Naray et al. 2008; de Blok 2010; Oh et al.
2011) and in at least two MW dwarf spheroidal satellites
(Walker & Pen˜arrubia 2011).
In this work we consider a new type of solution to the
MSP in which the shape of satellite dark matter profiles
are altered, but as a result of baryonic physics, rather
than through modifications in the particle physics sector.
This model incorporates suppression of star formation
from photoionization and supernova feedback, but addi-
tionally considers the tidal effects due to the presence of
a baryonic disk, which is not found in dark matter-only
simulations. The loss of gas in satellite halos through
tidal stripping has been proposed as a means to limit star
formation (Strigari et al. 2007). However, tidal strip-
ping in a cuspy halo by itself does not reduce the central
densities of the most massive subhalos enough to bring
them into agreement with the observed kinematics of the
MW satellites (Read et al. 2006a; Boylan-Kolchin et al.
2012). An additional modification to the central densi-
ties of the most massive satellites appears to be required.
It has become broadly accepted in recent years
that baryonic processes can alter the distributions
of dark matter within halos, potentially steepen-
ing (Blumenthal et al. 1986; Gnedin & Zhao 2002;
Gnedin et al. 2011) or flattening (Navarro et al.
1996; Read & Gilmore 2005; Mashchenko et al. 2006,
2008; Governato et al. 2010; Pasetto et al. 2010;
de Souza et al. 2011; Cloet-Osselaer et al. 2012;
Maccio` et al. 2012; Pontzen & Governato 2012;
Governato et al. 2012; Teyssier et al. 2012) the profile
depending on the mass of the halo in question, and on
the strength of various feedback mechanisms. Recently,
the effects of baryons on the dark matter halo profiles of
luminous satellite galaxies was studied by Zolotov et al.
(2012). These authors found that satellites with
Mstar >∼ 10
7M⊙ tend to develop “cored” density distri-
butions through supernova feedback prior to infall (here,
cored refers to any inner density slope, γ, shallower than
-1, because γ becomes flatter with increasing stellar
mass, see Governato et al. 2012). The flatter density
profiles make them more vulnerable to tidal effects
of the baryonic disk (see also Taylor & Babul 2001;
Read et al. 2006a; Choi et al. 2009; Wetzel & White
2010; Romano-Dı´az et al. 2010a; D’Onghia et al. 2010a;
Pen˜arrubia et al. 2010). Brooks & Zolotov (2012)
showed that the presence of the disk increases tidal
stripping for galaxies of all masses compared to the dark
matter-only case, but most strongly reduces the central
densities of cored satellites (see also Stoehr et al. 2002;
Hayashi et al. 2003; Pen˜arrubia et al. 2010), which are
the most luminous. In other words, baryonic physics
significantly reduces the observable mass of satellites.
Brooks & Zolotov (2012) demonstrated that these
combined baryonic effects produce a z = 0 satellite dis-
tribution with luminosities and kinematics comparable
to the MW and M31.
In this work, we apply the results of Zolotov et al.
(2012, hereafter Z12) to the subhalo populations found
in the DM-only Via Lactea II simulation. We find that
after taking into account baryonic effects, the number of
surviving massive subhalos is strongly reduced. Adopt-
ing a stellar mass to halo mass relation, we show that
the number of luminous satellites is also compatible with
observations. This suggests that a proper accounting of
baryonic effects reduces the predicted number of massive,
luminous subhalos that should survive in CDM, bringing
the observations and theory into agreement without the
need of invoking warm dark matter or dark matter with
exotic properties or interactions.
2. SATELLITE MASSES
We make use of the publicly available subhalo cata-
logs5 from the Via Lactea II (VL2) DM-only simulation
(Diemand et al. 2008), supplemented by additional infor-
mation extracted from the simulation outputs, consisting
of (1) mass enclosed within 1 kpc at z = 0, (2) infall times
and the maximum value in their rotation curves, vmax, at
infall, and (3) their full orbital information (Kuhlen et al.
2012), including number and distance of apo- and peri-
center passages. The VL2 halo was run using a WMAP
year 3 cosmology (Spergel et al. 2007). The halo was
selected to have no low z major mergers, thought to be
similar to the merging history of the MW. The z = 0 halo
has roughly 450 million particles with masses of 4100 M⊙
within its virial6 radius of 402 kpc at z = 0, yielding a
halo mass of 1.9×1012 M⊙.
Starting from all subhalos within Rvir at z = 0, we
5 http://www.ucolick.org/∼diemand/vl/
6 Here we adopt a virial overdensity of ρ/ρ0 = 200.
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restrict our study to only those subhalos with vpeak (the
largest value of vmax over the subhalo’s entire history)
> 13.3 km s−1. This vpeak value was chosen to corre-
spond to 105 M⊙ in stellar mass, or a V -band absolute
magnitude of −7 (see Section 3.3). This allows our sam-
ple to cover the full range of luminosities of the classical
dwarf satellites. Selecting for vpeak > 13.3 km s
−1 yields
a sample of 410 subhalos. It is commonly assumed that
all halos with vpeak < 20 km s
−1 are strongly affected by
UV heating, unbinding their gas (e.g., Okamoto et al.
2008). This process is expected to either leave them
entirely devoid of stars (“dark”), or very faint if they
were able to form a few stars prior to reionization
(e.g., Bovill & Ricotti 2009; Salvadori & Ferrara 2009;
Li et al. 2010; Wolf et al. 2010), and prone to be missed
by current surveys. In Section 3.2 we consider the im-
pact of UV heating on the VL2 subhalos, and show that,
indeed, most of these low mass subhalos remain dark.
However, a few of the satellites in this mass range should
be capable of forming stars.
The vmax-function of our final subhalo sample (i.e.,
those halos that survive to z = 0 and had vpeak >
13.3 km s−1) is shown in Figure 1, for various times. The
solid line shows the cumulative vpeak-function for the ha-
los in our sample, while the short-dashed curve shows
vmax at infall. We note that vpeak and vmax at infall,
vinfall, can be slightly different for these subhalos. The
majority of the VL2 subhalos in our sample reach vpeak
at high z and then grow very little, with an overall slight
decrease (< 10%) in vmax. A few subhalos undergo a
substantial reduction in vmax between high z and infall,
presumably due to encounters with other halos that strip
their mass. The resulting velocity function at z = 0 is
shown in Figure 1 as the dotted line. The circular veloc-
ity at 1 kpc, v1kpc, is shown for comparison (long-dashed
line). In the following, we adopt v1kpc to examine the ef-
fect of baryons on the central mass distribution of satel-
lite galaxies.
Z12 proposed a correction to the v1kpc values of z = 0
DM-only subhalos to account for the missing baryonic
physics that lowers the central masses of luminous sub-
halos,
∆(v1kpc) = 0.2vinfall − 0.26 km s
−1. (1)
For subhalos with vinfall < 30 km s
−1, the Z12 correction
is designed to account for a reduction in central mass due
to (1) loss of gas, either due to UV heating before infall
or stripping after infall, and (2) the tidal effect of the
baryonic disk (which does not exist in DM-only runs).
These processes should act on a subhalo even if it is too
low mass to retain gas at reionization, or massive enough
to be luminous. These processes should also occur irre-
spective of whether the subhalo has a cuspy or a cored
DM density profile. Yet neither are typically accounted
for in DM-only simulations. In subhalos with vinfall >
30 km s−1, Z12 found that enough star formation takes
place to significantly flatten the DM density profiles prior
to infall. Hence, at vinfall > 30 km s
−1, the Z12 correc-
tion accounts for (1) and (2) as in the lower mass case,
but also for an additional reduction in the central masses
of the satellites due to supernova feedback and the en-
hanced tidal stripping that occurs as the central density
profiles of massive satellites become more shallow.
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Fig. 1.— Cumulative velocity functions for VL2 halos that sur-
vive to z = 0. The vpeak-function is plotted with a solid black
line for vpeak > 13.3 km s
−1. The corresponding evolved vmax-
functions are also shown at infall (red, short dashed line) and at
z = 0 (dotted line). For comparison, we also plot v1kpc at z = 0
(blue, long dashed line). The vpeak and vmax-functions found in
the full VL2 catalog (no cut on vpeak) are shown as continuations
in light grey.
In Z12, equation 1 was derived using halos with
20 km s−1 < vinfall < 50 km s
−1. Hence, it has not been
tested down to the lower vinfall of our lowest mass VL2
subhalos. However, we will apply it to all subhalos with
vinfall < 50 km s
−1, and in Section 3 we show that in
all cases where the correction yields unphysical (nega-
tive) results, the unphysical halos lose more than 97%
of their mass at infall, and should be considered com-
pletely destroyed in the tidal presence of a baryonic disk.
At vinfall > 50 km s
−1, subhalos are Magellanic-like and
gas-rich at accretion, possibly including an additional ef-
fect of adiabatic contraction that is not accounted for in
the correction. There are 5 massive VL2 subhalos with
vinfall > 50 km s
−1, for which the Z12 correction is not
applied.
Most of the MW and M31 dwarf spheroidal galaxies
(dSphs) have central vc values < 20 km s
−1 (measured at
the half light radii, which are all . 1 kpc, McConnachie
2012). At z = 0, the VL2 host halo contains 28 satel-
lites with v1kpc > 20 km s
−1, grossly inconsistent with
the observational results. After applying the correction
of Z12, there are only 5 satellites with v1kpc > 20 km s
−1.
This is a first indication that baryonic physics, at least
as implemented in the simulations of Z12, appears to be
quite capable of reducing the mismatch between the cen-
tral densities of the most massive subhalos in DM-only
simulations and the observed kinematics in the classical
MW dwarf satellite galaxies.
3. LUMINOUS SATELLITES AT REDSHIFT 0
It is clear that the baryonic correction proposed by
Z12 dramatically reduces the number of massive halos
expected in a DM-only MW-mass run (e.g., from 28 to
5 for satellites with v1kpc > 20 km s
−1 in VL2). How-
ever, it is less clear if it reduces the number of luminous
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subhalos. That is, does the correction take 20 Fornax-
like satellites that initially have v1kpc > 20 km s
−1 at
z = 0 and simply shift them to v1kpc < 20 km s
−1? If so,
then there may be fewer massive halos, but the overall
number of luminous satellites would still be much larger
than observed in the MW or M31. In this section we
explore whether both the mass and luminosity of Milky
Way-mass galaxies can be reproduced by accounting for
baryonic effects.
3.1. Destruction Rates
We must first consider whether the VL2 halos should
have all survived to z = 0, or whether it is likely that
baryonic physics would have led to their destruction.
Pen˜arrubia et al. (2010) examined the effect of a bary-
onic disk on both cored and cuspy subhalos. They
showed that tides from the disk are dominant in the
center of cored subhalos, leading to much more mass
loss than DM-only runs predict. Even cuspy subhalos
will undergo more mass loss when a baryonic disk is
present if they are on highly elliptical orbits. Impor-
tantly, cuspy halos tend to survive even after substantial
(99.99%) mass loss, while cored halos can be completely
disrupted. This implies that there could be a large num-
ber of satellites that survive in the DM-only VL2 run
that would not survive in a baryonic run.
In what follows, we assume that a VL2 subhalo that
has lost a certain fraction of its mass since infall should
have been fully disrupted if baryons had been included,
and should no longer appear as a bound luminous satel-
lite at z = 0. To set the limiting fraction, we refer to
figure 2 in Pen˜arrubia et al. (2010), where tidal effects of
a disk on cored dwarf galaxies are compared to those
on cuspy halos with no disk present. Adopting their
“mixed” model, in which a cored (γ = 0) subhalo evolves
within a parent halo with a cuspy (γ = −1) density pro-
file, we find that cored subhalos that have pericenters
. 20 kpc undergo 99.9% mass loss, which we consider
to be completely disrupted. Without the disk presence,
the results in Pen˜arrubia et al. (2010) show that a cuspy
subhalo with a pericenter of 20 kpc would experience
90% mass loss. Hence, we assume that any VL2 subha-
los with pericenters < 20 kpc should experience strong
disk tides that need to be accounted for. We conclude
that if a VL2 DM-only satellite has lost more than 90%
of its mass after infall, and has had pericentric passages
that take it within 20 kpc of the parent halo’s center, the
same satellite in a baryonic run is extremely likely to be
fully disrupted by tides.
To be conservative, we apply this limit only to subhalos
that have vinfall > 30 km s
−1. Z12 and Governato et al.
(2012) demonstrated that cored DM density profiles ex-
ist in satellites with a stellar mass of more than 107
M⊙, corresponding to halos with vinfall > 30 km s
−1,
and consistent with the energy arguments explored in
both Boylan-Kolchin et al. (2012) and Pen˜arrubia et al.
(2012). While it is possible that halos at lower masses
have cores (but at smaller radii that are below the reso-
lution limit of current cosmological simulations), we as-
sume they may remain cuspy, and 90% mass loss may
then not be enough to fully destroy them. Instead, for
the remainder of the halos with vinfall < 30 km s
−1, we
adopt the results of Wetzel & White (2010) and assume
that a halo must have lost 97% of its mass since infall to
be fully stripped, and no longer appear as a bound lu-
minous satellite at z = 0. We verified that the majority
of the halos that have lost 97% of their mass have tidal
radii less than 1 kpc, suggesting that their inner lumi-
nous regions should indeed be stripped. Adopting 97%
is conservative, as both Z12 and Pen˜arrubia et al. (2008)
found that halos begin to have their stars stripped after
losing 90% of their halo mass after infall.
We use the difference in vmax at infall and vmax at
z = 0 for a given VL2 subhalo to estimate the amount of
mass that it has lost since infall. Following the results of
Pen˜arrubia et al. (2010),
vmax(z = 0)
vinfall
=
20.4x0.3
(1 + x)0.3
(2)
for a subhalo with a DM density slope, γ = −1.0,
where x ≡ mass(z = 0)/mass(z =infall). A slope of
-1 is roughly the slope in the central regions for all ha-
los formed in DM-only simulations (Navarro et al. 1997;
Springel et al. 2008), and we verified that the inner den-
sity slopes in the VL2 subhalos are also consistent with
-1. We use the above equation to find (1) all subhalos
that lose more than 97% of their infall mass (x = 0.03)
and (2) all subhalos with vinfall > 30 km s
−1that lose
more than 90% of their infall mass (x = 0.1) and have
pericentric passages under 20 kpc. We consider these two
populations of subhalos to be “destroyed.”
3.2. Identifying Dark Subhalos
As we will show below, even after considering destruc-
tion due to tidal effects on the VL2 subhalos, 307 satel-
lites remain at z = 0 from our original sample of 410
with vpeak > 13.3 km s
−1. Roughly 100 of the surviv-
ing subhalos should be as bright as the Draco dSph (see
next section), and thus luminous enough to have been
detected, but 100 such luminous satellites is much larger
than the number observed in the MW or M31 to date.
Yet many of these satellites are in the halo mass range
that is expected to be strongly affected by UV heating,
and some of these subhalos should therefore be inefficient
at forming stars and will remain dark. In this section,
we apply the results of Okamoto et al. (2008) to identify
the subhalos that may remain dark.
Okamoto et al. (2008) use hydrodynamical simulations
to identify the characteristic halo mass, Mchar, that re-
tains 50% of the cosmic baryon fraction, fbar, as a func-
tion of z. Their simulations adopt a uniform ionizing
background that accounts for H and He I reionization
at z = 9, and He II reionization at z = 3.5. We have
converted their Mchar(z) results into vchar(z), adopting a
WMAP3 cosmology and using an overdensity of 200ρcrit.
We assume that if a VL2 subhalo has a vpeak value above
vchar(zpeak) it retains enough baryons to be luminous.
Note that vchar(z) is a virial quantity, but we do not have
the virial masses of the VL2 subhalos. Rather, we have
vmax values. Most satellites have 1.2 < vmax/vvir < 1.8,
corresponding to a range of concentrations7 10 < c < 40,
7 A halo’s concentration, c = Rvir/Rs, relates the the virial
radius to a scale radius, Rs, where the steep, outer density profile
of the halo transitions to the less steep, inner profile, e.g., where
γ ∼ −2 for an NFW halo.
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Fig. 2.— Criteria to select dark subhalos. vpeak is shown for VL2
subhalos that survive tidal stripping, at the redshift of vpeak. The
solid line shows 1.4vchar following Okamoto et al. (2008), as a func-
tion of z. The shaded region shows varying 1.2 < vmax/vchar < 1.8.
For our analysis, VL2 subhalos below the solid line are considered
“dark.”
with a mean vmax/vchar = 1.4 for a halo with c = 20
(Bullock et al. 2001; Prada et al. 2012).
Figure 2 illustrates the affect of applying this model
to the VL2 subhalo population. Diamonds show the
vpeak(zpeak) values of the VL2 satellites that survive af-
ter our tidal stripping considerations. To put the vchar(z)
of Okamoto et al. (2008) into vmax space for comparison
with the VL2 subhalos, we have multiplied vchar(z) by
1.4 to derive the solid line in Figure 2 (i.e., we assume
vmax/vchar = 1.4, a typical value for a subhalo). The
shaded region surrounding the solid line shows the full
range of 1.2 < vmax/vchar < 1.8.
Clearly, the number of subhalos above vchar depends
sensitively on the concentrations (and hence vmax/vchar)
of individual subhalos. Adopting vmax/vchar = 1.4 (1.2)
leads to 40 (70) surviving, luminous satellites at z = 0.
Certainly scatter in concentration is expected amongst
the individual VL2 halos, which we have not accounted
for. Further, concentrations at these halo masses are ex-
pected to decrease with increasing z (Bullock et al. 2001;
Eke et al. 2001; Zhao et al. 2003; Maccio` et al. 2008;
Prada et al. 2012). Again, we do not account for the
change in concentration with z, but note that the trend
would allow for lower vpeak halos to lie above vchar with
increasing z. The overall determination of whether a par-
ticular halo is likely to be luminous will depend on the
halo’s formation and evolution. For the purposes of this
work, we assume that all halos above the solid line in
Figure 2 are likely to be luminous.
3.3. Assigning Luminosities
Fig. 3.— v1kpc vs MV of the VL2 subhalos. The top panel is the
direct result from VL2 at z = 0, while the bottom panel shows the
corrected kinematics based on Z12, along with considerations about
which subhalos are likely to be observable. Filled red symbols are
those satellites that should be observable at z = 0. Subhalos that
are unlikely to survive due to the tidal effects of a baryonic disk
are marked by circles with an x through them. Empty symbols are
subhalos that are likely to be dark. Filled black circles should be
luminous, and do not experience enough stripping to satisfy our
destruction criteria, but have lost enough mass that stars should
be stripped and the luminosities should be considered upper limits.
Finally, we assess whether the surviving satellites are
luminous by using the vinfall −Mstar relation from Z12
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to assign stellar masses to the VL2 subhalos,
Mstar
M⊙
= 0.018
(
vinfall
km s−1
)6
. (3)
We use the tight log(Mstar)−MV for the subhalos,
log10(
Mstar
M⊙
) = 2.37− 0.38MV , (4)
in Z12 to further assign V -band magnitudes, MV . Z12
showed that this relation produced simulated satellite
luminosity functions that were in good agreement with
the classical dSph populations of the MW and M31.
Additionally, Munshi et al. (2012) have shown that the
simulations that equations 3 and 4 are drawn from
yield an excellent match to the z = 0 stellar-to-halo
mass relation from Moster et al. (2012). Most impor-
8 In these simulations, Mstar ∝ M2vir (Governato et al. 2012).
Mstar ∝ v6max because vmax scales as M
1/3
vir (e.g., Klypin et al.
2011). For Mstar >106M⊙, the slope of the Mstar-Mvir relation
adopted here lies between values commonly adopted in the lit-
erature (e.g., Koposov et al. 2009; Kravtsov 2010; Rashkov et al.
2012). However, at lower Mstar values, abundance matching tech-
niques used by these same authors suggest a much steeper relation.
We caution that equation 3 may then lead to overestimates of the
luminosity for subhalos in Figure 3 fainter than MV = −10.
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tantly, Governato et al. (2012) demonstrated that these
mass-to-luminosity relations produced excellent agree-
ment with field galaxies in the same luminosity range as
the satellites we examine here. In other words, despite
the fact that past simulations have overproduced stars
(Zolotov et al. 2009; Guo et al. 2010; Sawala et al. 2011;
Brooks et al. 2011; Leitner 2012; Moster et al. 2012), the
simulations used to derive equations 3 and 4 are in ex-
cellent agreement with observed stellar-to-halo mass re-
lations. There is no indication that the luminosities pre-
dicted by these relations are too bright, though we stress
that it has not been tested fainter than the luminosity
range of the classical dSphs.
Figure 3 shows the resulting MV and v1kpc for the
VL2 satellites. The top panel shows the results directly
from the VL2 catalog at z = 0, while the bottom panel
shows the results after the destruction, heating, and ve-
locity corrections considered in this paper. Filled red
data points are those subhalos that are likely to survive
tidal effects and retain enough baryons to be luminous,
circles with ‘x’ through them are those that are likely to
have been destroyed by tidal effects in the presence of
baryons, and empty circles are those that fall below the
characteristic mass to retain baryons and form stars (see
Figure 2). The filled black circles in Figure 3 identify a
population of satellites that have lost more than 90% of
their mass since infall, but do not meet the destruction
criteria that we outlined above. Pen˜arrubia et al. (2008)
found that halos that lose more than 90% of their mass
begin to strip stars (see also Z12). Hence, the luminosi-
ties of the black points in Figure 3 should be considered
upper limits, as these halos will likely have had stars
stripped and be fainter than at infall.
Most of the brightest (MV < −12) subhalos meet our
criteria for destruction. We verified that, with the ex-
ception of one massive satellite accreted at z = 0.5,
all of these luminous, destroyed satellites were accreted
z > 1.5. The majority have vpeak > 40 km s
−1, and
by definition have orbits that take them within 20 kpc
of the center of the parent halo. This is consistent with
the idea that early, massive satellites contribute to the
growth of the inner stellar halo in Milky Way-mass galax-
ies (Bullock & Johnston 2005; Zolotov et al. 2009). In
DM-only runs that neglect the presence of the disk, some
of the cuspy inner remnants of these early, massive satel-
lites are capable of surviving to z = 0.
We note that MV = −7 corresponds to vinfall =
13.3 km s−1. The subhalos fainter than MV = −7 in
Figure 3 are those that had vpeak > 13.3 km s
−1 but
a vinfall < 13.3 km s
−1. Had we adopted vpeak to assign
stellar masses, all subhalos in Figure 3 would be brighter
than MV = −7. Thus, the luminosities below MV ∼ −9
should be taken with caution, but we verfied that us-
ing vpeak instead of vinfall had almost no impact on the
luminosities of the satellites brighter than MV = −9.
Hence, whether we adopt vpeak or vinfall has no effect on
the number, masses, or luminosities of surviving, lumi-
nous subhalos brighter than MV ∼ −9. This luminosity
corresponds to the faintest of the classical MW dwarf
satellites. Hence, use of vinfall does not change our con-
clusions regarding whether baryonic physics can address
the massive missing satellites problem.
Before applying the Z12 correction, the VL2 run con-
tains more than 20 luminous satellites that have v1kpc >
20 km s−1, completely inconsistent with the satellite
population of either the MW or M31. After applying the
Z12 correction and considering satellites that are likely
to be destroyed by baryonic physics or remain dark, only
3 satellites with v1kpc > 20 km s
−1 remain. These 3
satellites are all more luminous than Fornax, the MW’s
brightest dSph, which we discuss further in the next sec-
tion.
It can be seen from Figure 3 that applying the Z12
correction over-corrects a small number of subhalos, re-
sulting in negative velocities. These are a population of
halos that have lost so much mass after infall that they
have very low v1kpc values at z = 0, and result in an
overcorrection. While Figure 3 already identifies these
as halos that have lost at least 97% of their mass since
infall, we verified that they actually lost more than 99.9%
of their mass after infall, and that the majority have tidal
radii less than 1 kpc, and thus can safely be associated
with destroyed subhalos.
4. DISCUSSION
Two conclusions can be drawn from Figure 3. The first
conclusion is that a correction such as that suggested by
Z12 is required to bring the masses (and hence velocities)
of the predicted subhalo population in line with observa-
tional results. Neglecting the baryonic effects that reduce
the central masses of subhalos will inevitably lead to a
population of subhalos substantially more massive (v1kpc
> 20 km s−1) than any of the dSphs observed around
the Milky Way. The second conclusion is that both tidal
destruction in the presence of a baryonic disk and UV
heating must be considered in order to bring the total
number of luminous satellites in line with observations.
All subhalos withMV brighter than−10 should be bright
enough to be detected around our MW. The uncorrected
VL2 catalog would suggest that more than 100 detectable
subhalos should exist, grossly inconsistent with the clas-
sical dSph population (roughly a dozen in the MW and
two dozen in M31). Considering destruction mechanisms
alone does not bring the observable number into line with
observations. An additional correction that assumes sup-
pression of star formation is necessary to further reduce
the number of luminous satellites.
Considering the effects of tidal destruction and heat-
ing can substantially reduce the number of luminous
satellites that are predicted to survive at z = 0 around a
Milky Way-mass galaxy. The exact number depends on
the assumptions adopted, particularly for the number of
dark satellites. The model adopted in this work is not
intended to be conclusive, but rather to motivate more
rigorous work on this topic. Ideally, future work will
adopt a semi-analytic model that follows the growth and
merger history of individual halos to determine if they
are massive enough to retain baryons and form stars.
More work is also needed to understand the influences of
the disk on the survival of substructure. Previous work
has examined the influence of tidal stripping, though
not always with the added presence of a galaxy disk
(Taylor & Babul 2001; Stoehr et al. 2002; Hayashi et al.
2003; Kravtsov et al. 2004; Kazantzidis et al. 2004;
Read et al. 2006b; Pen˜arrubia et al. 2008, 2010;
Romano-Dı´az et al. 2010b; Nickerson et al. 2011). In
this work, we have emphasized the effect of tidal
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stripping on satellites in the presence of a host with a
baryonic disk (or equivalently, any concentration of cen-
tralized baryons, e.g., at high z the central baryons may
not be a fully stable disk, but the concentration will still
tidally impact the substructure, see Chang et al. 2012).
The Z12 correction, however, neglects disk shocking
that occurs when a subhalo passes directly through the
baryonic disk (Taylor & Babul 2001; D’Onghia et al.
2010a), and will lead to even faster disruption of a
subhalo.9 Tidal heating of subhalos should also occur
(Gnedin et al. 1999; Mayer et al. 2001; D’Onghia et al.
2010b; Kazantzidis et al. 2011), but requires very high
resolution to capture (Choi et al. 2009) and is unlikely
to be accounted for properly in the Z12 correction.
Hence, all of these processes require more thorough
study to fully understand the influence of baryons on
the evolution of satellites. Finally, one galaxy simulation
alone is not sufficient to understand whether baryonic
processes can solve the MSP. A statistical sample of
MW-mass realizations must be used to quantify the
theoretical predictions.
By the same token, one observed galaxy alone is not
sufficient to understand whether baryonic processes can
solve the MSP. Looking at two galaxies, the MW and
M31, it is already clear that the subhalo population of
Milky Way-mass galaxies can vary significantly. The sur-
viving luminous VL2 satellites (shown as red circles in
Figure 3) include 3 satellites with luminosities and veloc-
ities larger than the dSph population of the MW. How-
ever, M31 does have such galaxies, and the surviving
VL2 subhalos would more closely resemble the luminous
satellite population of M31. M31 has at least 4 luminous
satellites with magnitudes brighter than MV < −14.
Three of these are dwarf ellipticals, a population that
is missing in the MW. All 3 of the VL2 subhalos were
accreted at z > 1, have orbital pericenters under 50
kpc, and are unlikely to retain gas, making them prob-
ably look very similar to the dwarf ellipticals of M31.
We also note that many of the VL2 satellites identi-
fied as luminous at z = 0 reach vpeak at relatively low
z (see Figure 2), and may have extended star forma-
tion to quite low z. Z12 also found that satellites with
MV < −8 had extended star formation histories, consis-
tent with observational estimates (Grebel & Gallagher
2004; Dellenbusch et al. 2008; Weisz et al. 2011). We
anticipate that the more recently discovered ultra-faint
satellites should have had their star formation truncated
at high z (Brown et al. 2012).
In comparing our results for the luminous satellites
of VL2 to those of the MW and M31, we should con-
sider the impact of halo host mass on satellite popu-
lations. It has been shown that the number of sub-
halos at a given mass scales with host mass, since the
mass assembly of DM halos is self-similar (Stewart et al.
2008; Fakhouri et al. 2010). Several works have ar-
gued that the halo mass of M31 is nearly twice as
massive as the MW’s halo mass (e.g., Kallivayalil et al.
2009; Guo et al. 2010; Watkins et al. 2010), suggesting
that M31 should have both a brighter satellite popula-
9 Z12 did have subhalos that experienced disk shocking, but
these few halos were disrupted so strongly compared to other sub-
halos with larger pericenterric distances that the correction con-
siders them outliers.
tion, and more massive satellites, than the MW. While
the exact halo mass of the MW is still unknown, re-
cent estimates (e.g., Smith et al. 2007; Xue et al. 2008;
Guo et al. 2010; Gnedin et al. 2010) find a halo mass
range of 0.7 − 2.0 × 1012M⊙. The virial mass of VL2
(1.7×1012M⊙) is near the upper range of the MW’s mass
estimates, but perhaps much closer to the virial mass of
M31 (Watkins et al. 2010), particularly if M31 is twice
as massive as the MW. Therefore, the resemblance of the
VL2 bright satellite population, i.e., its 3 satellites with
MV < −14, to the bright satellites of M31 is perhaps in-
dicative that the halo mass of VL2 more closely matches
the halo mass of M31 than the MW (see also Wang et al.
2012; Vera-Ciro et al. 2012).
Because this simulated population is a better match to
M31 than the MW, we should also consider how com-
mon the MW satellite distribution is. A few authors
have recently begun exploring this question. On the
observational side, searches for satellites in the SDSS
around galaxies as luminous as the MW find ∼10 or fewer
satellites more luminous than Fornax (Busha et al. 2011;
Guo et al. 2011; Lares et al. 2011; Strigari & Wechsler
2012). Adopting a semi-analytic model to assign stellar
masses, Vera-Ciro et al. (2012) find that 2 to 5 subha-
los brighter than MV < −14 consistently exist in the six
MW-mass halos in the high resolution Aquarius DM-only
runs. Using a larger statistical sample, both Wang et al.
(2012) and Purcell & Zentner (2012) find a 10-20% prob-
ability of finding a subhalo population similar to the
MW’s at a halo mass of 1012M⊙. This suggests that the
MW is somewhat rare, though not exceedingly so. The
rarity of the MW’s subhalo luminosity function seems to
be linked to a gap in luminosities between Fornax (at
MV = −13.4) and the SMC (at MV = −16.8), though
more work needs to be done to quantify how common
the gap is, and if having a pair of galaxies as bright as
the Magellanic Clouds has any influence of the existence
of such a gap.
Despite the caveats listed above, it is clear that
baryons offer a promising solution to solving the MSP,
without an additional form of warm or self-interacting
dark matter. Certainly heating and destruction have
long been considered potential solutions to bring
the number of predicted satellites in line with the
number of observed satellites (Bullock et al. 2000;
Somerville 2002; Kravtsov et al. 2004; Simon & Geha
2007; Koposov et al. 2009; Nickerson et al. 2011;
Pen˜arrubia et al. 2012). The key point, however, is
that even if the number of luminous satellites can be
brought into line, the overall distribution in masses
(and observed velocities) of those satellites is usually
too high (Boylan-Kolchin et al. 2011, 2012). The Z12
model builds on this previous work by considering
the additional impact of baryons on the dark matter
density slopes of satellites, finding shallow profiles
in satellites brighter than MV < −12, which further
reduces their mass. When combined with more effective
tides after infall (Taylor & Babul 2001; Stoehr et al.
2002; Read et al. 2006b; Pen˜arrubia et al. 2010), both
the number and masses of the subhalo population can
be brought into agreement with observations for the
first time.
In fact, the model utilized by Z12 goes beyond solv-
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ing the MSP or TBTF problems. The model in Z12
has also been shown to create bulgeless dwarf disk
galaxies (Governato et al. 2010) and smaller bulges in
higher mass galaxies (Brook et al. 2012). This is be-
cause winds driven by supernovae preferentially remove
low angular momentum material from galaxies (Chris-
tensen et al. 2012; Brook et al. 2011). Importantly, these
winds are naturally driven (rather than artificially in-
serted) when supernovae deposit thermal energy into
a high density medium, and create highly overpressur-
ized bubbles. Hence, a model must be able to repro-
duce the high densities found in star forming molec-
ular clouds (> 10 − 100 atoms/cc) to naturally drive
such winds. The ability to model such high density re-
gions is what allowed for dark matter core creation in
the dSph satellites simulated in Z12. Previous stud-
ies of dSphs in MW-mass satellites allowed for star
formation at lower densities (< 1 amu/cc), and hence
found that baryons either steepened the inner densi-
ties or had little affect (Sales et al. 2007; Okamoto et al.
2010; Nickerson et al. 2011; Wadepuhl & Springel 2011;
Parry et al. 2012; Di Cintio et al. 2012; Sawala et al.
2012). Critically, the expanding overpressurized bub-
bles are able to drive rapid fluctuations in the po-
tential well of a galaxy. The cumulative effect is
to expand the central orbits of dark matter, trans-
forming an initially steep, cuspy DM density profile
into a shallow, cored profile (e.g., Read & Gilmore
2005; Mashchenko et al. 2006; Pontzen & Governato
2012; Maccio` et al. 2012; Pontzen & Governato 2012;
Teyssier et al. 2012). Governato et al. (2012) and
Oh et al. (2011) showed that the density profiles of sim-
ulated galaxies within this model are in excellent agree-
ment with the high resolution observations of field galax-
ies.
In summary, the model adopted by Z12 not only yields
a population of satellite galaxies in agreement with MW
or M31 observations, potentially solving both the “miss-
ing satellites” and “too big to fail” problems, but it
also simultaneously addresses other small scale problems
within CDM. Hence, a unified baryonic solution remains
viable to solve the small scale crisis of CDM. Future work
must quantify the impact of baryons on the DM struc-
ture of galaxies, and make testable predictions across all
galaxy masses.
5. CONCLUSIONS
It has long been appreciated that the observed pop-
ulation of Milky Way satellites is at odds with the dis-
tribution predicted by dark matter-only simulations. In
this article, we have argued that effects associated with
baryonic physics can reconcile the results of such sim-
ulations with observations, without the need for dark
matter that is warm, self-interacting, or with properties
that are otherwise different from those of the standard
cold and collisionsless paradigm. In particular, super-
nova feedback in luminous satellites can reduce the den-
sity of dark matter in the inner volumes of these systems,
while the presence of a baryonic disk can enhance the de-
gree of tidal stripping that takes place. The combination
of these effects leads to a reduction of the masses of the
predicted subhalo population, bringing the overall num-
ber of satellites into concordance with that observed. In
particular, in the Via Lactea II sample considered, we
found that these effects reduced the number of subhalos
with masses larger than seen in the MW satellites from
more than 20 to only a few.
After determining the distribution of massive dark
matter subhalos predicted to be present in a Milky Way-
mass galaxy, we turned our attention on the question
of how many of these objects are likely to host lumi-
nous satellites. For reasonable assumptions regarding
the stellar-to-halo mass relationship and for the criteria
for destruction via tidal stripping, we predict a luminous
satellites population that is in adequate agreement with
both the Milky Way and M31.
While the work presented here is not intended to rep-
resent the final word on this topic, we have shown that
baryonic effects can lead to a population of satellites
around Milky Way-mass galaxies that is is good agree-
ment with observations. This strongly reduces the moti-
vation for warm or self-interacting dark matter scenarios
and represents yet another success for cold dark matter.
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